A problem of the bipolar space charge transport between the anode and the cathode is presented. The space charge is formed by free electrons and holes as well as by trapped electrons. I1 was found that interactions bctwecn carriera can be described by tne n ( p ) relationships. Also, it was found that there exist the conditions in whxh the metal-solid lnetal system can act as an n p or p i blockingdiode. Ohm. Fowler-Nordhein, Schottky and Child's law are obta~ned.
Introduction
Different mathematical methods describing double injection in a solid have been considered. A problem of the carrier generation has been studied by Dumke [I, 21, Stmmons [3-51 and by Hindley 161. A small signal theory for semiconductors has been presented by Heuisch and Manifacier 17-~11J The carrier flow through a n insulator has been solved by a regional approximation method 112-161. A problem of the n ( p ) relationships has been considered by Schwob [17, 181 . In this concept, the transition region between the anode and cathode regions has been distinguished. Using quasineutrality assumption, the different relations n(pl between positive and negative charge carrier concentrations have been obtained. In general, with this assumption a set of the solutions is very limited [19-271. Moreover. in the case of strong asymmetric double injection, quasineutrality assumption cannot be made [28-301. In this work we will present our theoretical analysis describing the space charge transport between the two electrodes. The purpose of this work is to find new relationships ~( p ) and LO define the current-voltage characteristics for space charge conditions.
The basic equations
In our theoretical analysis we make the following assumptions: (I) The planar capacitor with the anode x = 0 and the cathode x = L will be used (Fig. 1) .
(11) The potential barrier width at the electrodes is small in comparison with the mean free path and there are no surface states at the metal-bulk interfaces.
(Ill) There exist many structural dcfects (Fig. 2 ) and the concentration of atoms is possibly maximal IF-ig. 3).
(IV) There exist the recombination centers and the trapping levels ( where q is the electron charge, c, is the high-frequency permittivity, p. and p, are the electron and hole mobilities, respectively, E the electric field intensity, x the distance from the electrode. r the time, p and n are the hole and electron concentrations. respectively, n,, the trapped electron concentration in the ith trapping level, m the number of the trapping levels. For such space charge problem we will find the relationships n ( p ) and we will define new space charge density distribution for the analytical form of the current-voltage characteristics.
The solution of the problem
In this part we shall show that a function n ( p ) is valid for the steady and transient state of the current flow. First. lo this end, let us investigate the steady state. we get the following linear equation:
for which the general integral has the form where C i s a constant of integration. In the case when = I, the above solution must be replaced by Now, we shall show that a function n(p) exists. From (la)--(2a) and (8a) it follows that the carrier concentration product can be expressed by Hence, on the basis of (10) and (11) we obtain the following two relationships:
as well as x w o n(x)p(w) = ---= constant. and C = 0.
The relationship (13) is written for the perfect insulator. In this case the product np depends on the boundary conditions. The relationship (14) is independent of the boundary conditions. In the particular case when 1% 1 the solution (14) leads to the law of mass action n(w)p(x) = nopo. It is worth noting that this law is also determined by the Fermi-Dirac (or Boltzmann) distribution function which is written at the thermodynamic equilibrium conditions. Since the function (14) is independent of carrier injection from the electrodes into the bulk, therefore Eqs. (1)- (31 and (14) can define the new model of electric conduction. We may suppose that this is possible when these equations determine the stable state. In what follows, we shall investigate the stability of (la)-(3a) and (14).
The transienl state
In order to define the problem of the stability we must take inlo account the equations describing the transient state of the current flow. To this end, we shall use the dimensionless variables system Therefore, the transient state is described by the following equations: Eqs. (21) and (22) correspond to (la)- (3a) and (14). From (21)- (23) we obtain three solutions. These solutions are as follows: (a) The first solution is the uniform electric field E:, for 0 < x * < 1.
(b) The second and third solutions are the monotonic functions E r and Q: , for 0 < x* < 1 where 3' is the constant which depends on the current density J in the form Let us now introduce the small parameter E = E(x*, t * ) into the function Q:(x*) = -f'(xb) in order to obtain the functions Q , = Q,(xe, t*), Q , = Q,(:*, t*) and Qati = QIIi(x*, I*) in the form Next, we must introduce the assumptions defining the s-function space. These assumptions are as follows: (i) all the functions e = ~( x * , t * ) are infinitesimal in the region 0 < x* < l and
(ii) all the derivatives of the functions E = ~( x * , t * ) are continuous and limited in the region 0 < x* < 1 and r* 2 0, (iii) in the c-function space there exist the uniform convergent sequences ~~ (~= 1 , 2 , 3 ,... ), (iv) the boundary values of e(0, t * ) are equal to zero fort* > t:, where tg is a finite number. Thus, in this space the distance p(&,. 6 , ) between two arbitrary points E , and can be determined by
In such &-function space we can define the so-called orbital stability. Generally, the stability problem can be solved by the variational method (the first approximation method). The main idea of the first approximation method is to find the difference between the left-hand side of (16)-(19) and (21), (22) We shall assume that the variation SE* is arbitrary small, that is SE* = 0. This condition denotes that the perturbation of the electric field intensity is infinitesimal. The stability of the system can be determined by the following implication: First, we shall investigate the stability of (24). In this case we must assume that ,f = -Q!. Hence, on the basis of (24) and (16) 
St*
Hence. the small parameter E is of the form Now, we can define the functions ~( x * , 0) for which the condition 6E* = 0 is satisfied. As an example, let us take into account the following function: 
5'
therefore,
where and GI is an arbitrary differentiable function defining the initial values of the function 9, and q ' is the inverse function. If the condition 6E* = 0 is to be satisfied, we must assume that the values of GI are infinite large. Let us notice that the functions E:(x*), ~( x * ) and g(x*) are limited. Since and ~( 0 , t*) = 0 for t* b tg, therefore the function ~( x * , t * ) is equal to zero for t* b t i + max,. Iq(x*)l and for x* E (0; 1). Analogously. proceeding for the function f(x*) < 1, we ascertain that the steady state of (16)-(19) is stable.
Using the boundary condition ~( 1 , t * ) , we also ascertain that the system is stable. Now, let us define the physical aspect of (27a) and (28a). First, let us notice that the solution (28a) describes the propagation of the perturbation between the electrodes. In general, the boundary functions ~( 0 , t*) and e(1, t*) describe the mechanisms of carrier injection from the electrodes into the bulk. As an example, let us take into account the boundary function ~(0, t*) describing the mechanism of hole injection from the anode into the bulk (electron emission from the bulk into the anode]. Using the optic-field technique [34-381 (Fig. 3 , it was found that the space charge can be induced in the bulk at the bulkmetal contact. This phenomenon can be explained by the mechanisms describing the carrier flow through a potential barrier [39-401. These mechanisms are as follows:
(a) quantum-mechanical tunnelling through the barrier from the edge of the depletion region (the field-emission current (Figs. ( 6 4 and (b) ), (b) quantum-mechanical tunnelling through a part of the barrier (the thermionicfield emission current (Fig. qc)) , (c) the electron emission from the bulk over the top of the barrier (the thermionicemission current (Fig. 6(d) ), (d) recombination in the depletion region (Fig. 7) . In general, the bulk~contact surface is not homogeneous. On this basis. we can suppose that the bulk+ontact surface acts as the system of the points. In the bulk at the contact x = 0 the valence electrons can be pulled away from the normal atoms and accumulated in the points (Fig. 8) . Next. these electrons can pass from the points into the anode. Similarly, proceeding for the contact x = L, we ascertain that the boundary functions~(0, I*) and &(I, t*) exist and the propagation of the perturbation ~( x * , I*) in the form (27a) and (28a) is practically made. Now, we can define the importance of (13) and 114) for the current-voltage characteristics.
The current-rollage churacteristicx
It is worth noting that the solution (24) defines Ohm's law J * = (Qy -BQy)V *. The similar result can follow from (25) . In this case, the function E$(x*) has the form where C is a constant of integration. Next, using the houndary condition J* = 2QyE:(x* = 0) for (29). we obtain the following current-voltage dependence:
In the particular case when J'x-48, then J* = 20L1'V *, that is J = oV/L. where the conductivity parameter a is
In the special case when p 1 , that is c,P>>2qfiPO the conductivity parameter a becomes the ohmic conductivity a , = 2q(fi,&nnpn)"2. The other interesting result follows from (la)-(4a) and (13). In this case, the electric field inlensity distribution satisfies the equation 
Iff, is linear, that is& = v, E(O), where u, is the boundary parameter, then we obtain Ohm's law J = u,V/L for V>>o0L2/c,p or J>>uiL/ernp. Analogously, proceeding for the Schottky function& = J,exp(b,Ey2), where Jo and b, are the boundary parameters, we ascertain that there exist the finite numbers V, and V 2 , such that
and C ,~L -~> > J~ (comparison of values).
Discussion
A problem of the n ( p ) relationships has been presented by Schu'ob [17.18] . The fundamental assumption of this method is the condition &,dE/dx zz 0 for x E (0, L). Using the boundary conditions E(0) = E(L) = 0 and p, = p. = p. Schwoh determined the different functions n(p) and interpreted them in the n-p plane. In this plane, he distinguished four regions which correspond to the configurations p i -n , n-i-p, n-i-n. pi-p. In general, let us notice that the fundamental assumption of this method with the boundary conditions E(0) = E(L) = 0 are not mathematically clear when the potential barrier width at the electrodes is much smaller than the distance L. In this case, the voltage condition ( 5 4 and quasineutrality assumption must lead to the function E(x) = V/L. Also. from (1)-(5) it follows that the fundamental problem ofthe current flow between the anode and cathode is to determine the space charge density distribution. In order to compare our methodology with the regional approximation method presented by [12-181. let us return to (7) . (84 and (10) . From these equations it follows that there exists a function E(x) described by In the case when z 0, that is, the generation processes are dominant. we have where C1 and C2 are constants of integration. Thus, the current voltage dependence is determined by (5a) and by the boundary functions J =,fo[E(0)] and J = j;.[E(L)] describing the mechanisms of carrier injection from the electrodes x = 0 and x = L into the bulk [41] . In this case, it is possible for the boundary functions to be identical:
. that is E(0) = E(L) and C, = -aL. Under these conditions, the space charge density q. = s,dE/dx is of the form
Thus, a negative space charge is distributed in the region x E <0; LIZ) and a positive space charge occurs in the region s E (L/2; L). Therefore, the metalsolid (insulator or semiconductor~metal system acts as an n-p junction ( Fig. 9(a) ). In this case the current-voltage characteristic has the following parametric form: The shape of the J ( V ) curve (33ac) with the quadratic boundary function J = u,E2(L) where u, is the boundary parameter, is shown in Fig. 10 . Another interesting result follows from (33) for % = 2.
Assuming that E(0) = E(L) = 0 and the recombination processes are dominanl, we can show that (33) leads to for which the current-voltage characteristic is also Child's law From (33b) it follows that the system acts as a p-n junction (Fig. 9(bl) . Thus. from our considerations it follows that the space charge regions are determined by the internal processes and by the mechanisms describmg carrier injection from the electrodes into the bulk.
In the regional approximation method the space charge regions have been assumed. This is the fundamental difference between our methodology and that theory.
Conclusions
From our considerations it follows Eqs. (la)-(4a) can result in the relationships between n, p and E in the form j,,(n,p, E, no, po, C ) = 0, that is where C is a constant of integration. An interesting case of the generation-recombinalion processes occurs whcn the (1)-(5) clcctron passages are very quick (Fig. 4) .
For such allowed electron transitions we can suppose that the interactions between carriers are independent of the external electric field. Formally, this property can be characterized by the particular integral of(10). that is. Cis equal to zero. For example, this is acceptable at the room temperaturc T = 300 K when thc cncrgy separations in the band gap are < 0.1 eV [41] . In this case the functionf., defines the relationship n(p) in the form n(.x)plx) = p o p o / ( % -I). This relationship corresponds to the three stable states of the current flow through the bulk. These states are described by the uniform electric field and by the increasing or descreasing electric field intensity distribution E ( x ) . Generally, for the monotonic function E(.YI the current-voltage characteristic J = J ( V ) is nonlinear. In particular, this characteristic becomes linear J = a V / L , where u depends on the ohmic conductivity u, in the form (29b). For the perfect insulator, that is no = po = 0, the functionf., is equivalent to (13). With the boundary condition p(0) = n(O), the currcnt-voltagc dependence becomes Child, Flower-Nordheim and Schottky's law in the form (32a). (32b). In general, under conditions of the generation-recombination processes (Fig. 4 ) the electric field intensity distribution is described by (33) . From this equation it follows that the system can act as an n-p blocking diode when the generation processes are dominant. Also. from (33) it follows that the system can act as a p-n blocking diode when the recombination processes are dominant. The above results can explain the experiment characteristics J ( V ) for the insulator and semiconductor materials such as A1,0,, anthracene, ZnS, Sic, CdS. TiOl, GaAs, Ge and Si.
